, in order to investigate the dependence of the paramagnetic relaxation rate with fluence. The spectra in the present samples are also dominated by magnetic features displaying paramagnetic relaxation effects. The extracted spin-lattice relaxation rates show a slight increase with increasing ion fluence at corresponding temperatures and the area fraction of Fe 3+ at room temperature reach a maximum contribution in studied fluence range.
Introduction
In the midst of many reports with mixed conclusions on the nature of magnetism in Fe doped ZnO [1, 2, 3, 4, 5, 6, 7] , we have reported results of emission Mössbauer spectroscopy (eMS) on virgin ZnO single crystals following 57 Mn + implantation with a fluence of ~3×10 12 ions/cm 2 [8, 9] and over a wide range of ion fluence [10] . The absence of ordered magnetism (above 90 K) in extremely dilute doped ZnO was unequivocally proven through angle dependent eMS measurements in the presence of an external magnetic field of 0.6 T [8] . The emission
Mössbauer spectra exhibited paramagnetism, resulting from Fe 3+ located on Zn substitutional sites weakly coupled to the lattice and showing temperature dependent spin-lattice relaxation.
The Fe 3+ spin-lattice relaxation rate was found to follow an unusual T 9 temperature dependence [9] .
Moreover, we have conducted eMS and X-ray Magnetic Circular Dichroism (XMCD) studies [10] on the effect of fluence (increase in 3d-atoms concentration) on the magnetic contribution in ZnO samples implanted with Fe with atomic concentrations in two regimes, 0.1 -6.410 -4 at.% and 0.02 -2.2 at.%. In the latter concentration range, a transition to spin-spin relaxation effects between neighbouring Fe 3+ ions was observed from the spin-lattice relaxation observed at the lower concentration regime. In this paper, we focus on the magnetic contribution and on spin-lattice relaxation in ZnO crystals implanted with Fe with atomic concentrations in the range 0.4910 -2 -1.9710 -2 at.%, which cover the upper intermediate region of atomic concentration not reported in similar previous studies [10] .
Experimental Details
Commercially acquired ZnO single crystals (Crystec GmbH) were implanted with 56 Fe ions using a multipurpose ion implanter, with implantation energy of 60 keV and at an angle of 7° 
Analysis and results
The emission Mössbauer spectra obtained for the 810 13 (ZnO: 56 Fe8) and 510 13 The spectra were analysed using the Vinda program [11] . The analysis procedure and assignment of spectral components adopted here is similar to that applied in our earlier studies on virgin ZnO [8, 9] . The observed magnetic structure assigned to high-spin Fe 3+ (labelled FeMag) was analysed using the empirical model based on the Blume-Tjon (BT) [12] line-shape as described by Mølholt et al. [9, 13] . In the final fitting procedure, the magnetic feature was fitted with five BT sextets. This empirical model cannot determine the exact isomer shift or quadrupole splitting, but can determine the spin relaxation rates of Fe 3+ and the maximum magnetic hyperfine splitting. The central regions of the spectra were fitted with two doublets attributed to Fe in the 2+ state on regular crystalline sites (FeC) and Fe on interstitial sites (FeI)
as described by Gunnlaugsson et al. [8] . The hyperfine parameters extracted at room temperature for all three samples are presented in Table 1 . The temperature dependence of the quadrupole splitting, EQ(T) for FeC was restricted to follow Ingalls [14] prediction as was followed in Gunnlaugsson et al. [15] and is given by the
where EQ,Lat is the contribution from non-cubic arrangement of lattice atoms, EQ, [8] . The resulting E0 value of 12(3) meV is comparable to the value of 10 meV reported for virgin ZnO [9] considering the relative large error.
Discussion
The The relaxation rates are related to the temperature dependent line broadening (∆Γ) of the sextets as described by Mølholt et al. [13] . Generally, it is expected that the spin lattice relaxation rate increases with increasing temperature because of the temperature dependence of the population of the phonon states [16] . The relaxation rates obtained from this study are shown in Figure 2 and are compared with those reported for virgin single crystal ZnO and α-Al2O3 reported in ref [9] .
A deviation from a ~T 9 temperature dependence of the relaxation rates in virgin is observed.
The data is consistent with additional spin-spin relaxation rates to the temperature dependent sin-lattice relaxation rates. These spin-spin interaction become dominant above when the concentration Fe ions is above 0.2 at.% [10] . Thus, the three measured concentrations lie just below this threshold. The relaxation rates of the ZnO: 56 Fe5 and 56 Fe8 pre-implanted samples shows slight tendency to increase with increasing fluence at equivalent temperatures. This may be attributed to the increase in spin density by the increasing Fe fluence, with a consequential increase in spinlattice relaxation rate. For the ZnO: 56 Fe8 sample, the three temperatures show a trend which approximates a T 2 temperature-dependent relaxation rate which agrees with the measurements at equivalent temperatures for ZnO: 56 Fe5. For ZnO: 56 Fe5 there is deviation from this behaviour at highest temperature. This seems to suggest two different relaxation processes taking place in the measured temperature range for the ZnO: 56 Fe5 sample. The spectra for the 210 13 ions/cm 2 (ZnO: 56 Fe2) pre-implanted sample were unfortunately associated with additional broadening due to vibrations in the experimental set-up and hence could not be used to extract the relaxation rates but was sufficient to give the area fraction of the Fe 3+ at room temperature.
The area fractions extracted at room temperature for Fe 3+ as a function of concentration, together with results obtained from earlier studies reported by Mantovan et al. [10] , are presented in Figure 3 . This investigation showed at low concentrations up to about ~1.710 -4 at.%, the fraction of Fe 3+ steadily increases at the expense of Fe 2+ reaching at maximum of approximately 80(3) %. For the three samples studied here, no significant changes in spectral features are observed at RT and the area fraction of the magnetic component (FeMag) constitutes ~80(3) % of the spectral area. Figure 3 [10] . The results in Figure 3 
